
Printed by Jouve, 75001 PARIS (FR)

Europäisches Patentamt

European Patent Office

Office européen des brevets

(19)

E
P

1 
20

2 
36

6
A

2
TEPZZ_ Z ¥66A T
(11) EP 1 202 366 A2

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
02.05.2002 Bulletin 2002/18

(21) Application number: 01204063.0

(22) Date of filing: 26.10.2001

(51) Int Cl.7: H01M 8/02, H01M 8/04

(84) Designated Contracting States:
AT BE CH CY DE DK ES FI FR GB GR IE IT LI LU
MC NL PT SE TR
Designated Extension States:
AL LT LV MK RO SI

(30) Priority: 27.10.2000 US 699275

(71) Applicant: Delphi Technologies, Inc.
Troy, MI 48007 (US)

(72) Inventors:
• Simpkins, Haskell

Grand Blanc, MI 48439 (US)

• Thomas, Stephen M.
Laingsburg, MI 48848 (US)

• Labarge, William J.
Bay City, MI 48706 (US)

(74) Representative: Denton, Michael John et al
Delphi Automotive Systems,
Centre Technique Paris,
117 avenue des Natio ns,
B.P. 60059
95972 Roissy Charles de Gaulle Cédex (FR)

(54) Thermal energy management system for solid oxide fuel cells

(57) A thermal energy management system 10 for
solid oxide fuel cells includes a monolithic small cell ex-
trusion type heat exchanger 12 coupled to an SOFC
stack 14. In operation, a flow of air having a selected
temperature is passed through the heat exchanger cells
18 and thermal energy flowing into and out of said SOFC
stack 14 is managed primarily by radiation coupling be-

tween said SOFC stack 14 and said heat exchanger 12.
The system 10 further provides management of the tem-
perature distribution around the SOFC 14 to meet outer
skin temperature design targets and to control the inlet
gas temperatures for the SOFC 14. The system 10 pro-
vides a compact, efficient method for SOFC thermal en-
ergy management particularly well suited for transpor-
tation applications.
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Description

TECHNICAL FIELD

[0001] The present invention relates to thermal ener-
gy management and more particularly relates to man-
agement of thermal energy flowing into and out of solid
oxide fuel cells.

BACKGROUND OF THE INVENTION

[0002] Fuel cells are electrochemical devices that
convert chemical potential energy into usable electricity
and heat without combustion as an intermediate step.
Fuel cells are similar to batteries in that both produce a
DC current by using an electrochemical process. Two
electrodes, an anode and a cathode, are separated by
an electrolyte. Like batteries, fuel cells are combined in-
to groups, called stacks, to obtain a usable voltage and
power output. Unlike batteries, however, fuel cells do not
release energy stored in the cell, running down when
battery energy is gone. Instead, they convert the energy
typically in a hydrogen-rich fuel directly into electricity
and operate as long as they are supplied with fuel and
oxidant. Fuel cells emit almost none of the sulfur and
nitrogen compounds released by conventional combus-
tion of gasoline or diesel fuel, and can utilize a wide va-
riety of fuels: natural gas, coal-derived gas, landfill gas,
biogas, alcohols, gasoline, or diesel fuel oil.
[0003] In transportation applications, solid oxide fuel
cell (SOFC) power generation systems are expected to
provide a higher level of efficiency than conventional
power generators, which employ heat engines such as
gas turbines, and diesel engines that are subject to Car-
not cycle efficiency limits. Therefore, use of SOFC sys-
tems as power generators in vehicle applications is ex-
pected to contribute to efficient utilization of resources
and to a relative decrease in the level of CO2 emissions
and an extremely low level of NOx emissions. However,
SOFC systems suitable for use in transportation appli-
cations require a very compact size as well as efficient
thermal management. Thermal management must be
accomplished whereby the outer surface of the fuel cell
envelope is typically maintained below 45 °C while the
temperature inside the stack is about 700 °C to about
950 °C or greater.
[0004] As with fuel cells generally, very hot solid oxide
fuel cells (SOFC) having high electrical conductivity are
used to convert chemical potential energy in reactant
gases into electrical energy. In the SOFC, two porous
electrodes (anode and cathode) are bonded to an oxide
ceramic electrolyte (typically, yttria stabilized zirconia,
ZrO2-Y2O3) disposed between them to form a selective-
ly ionic permeable barrier. Molecular reactants cannot
pass through the barrier, but oxygen ions (O2-) diffuse
through the solid oxide lattice. The electrodes are typi-
cally formed of electrically conductive metallic or semi-
conducting ceramic powders, plates or sheets that are

porous to fuel and oxygen molecules. Manifolds are em-
ployed to supply fuel (typically hydrogen, carbon mon-
oxide, or simple hydrocarbon) to the anode and oxygen-
containing gas to the cathode. The fuel at the anode cat-
alyst/electrolyte interface forms cations that react with
oxygen ions diffusing through the solid oxide electrolyte
to the anode. The oxygen-containing gas (typically air)
supplied to the cathode layer converts oxygen mole-
cules into oxygen ions at the cathode/electrolyte inter-
face. The oxygen ions formed at the cathode diffuse,
combining with the cations to generate a usable electric
current and a reaction product that must be removed
from the cell (i.e., fuel cell waste stream). Typical reac-
tions taking place at the anode (fuel electrode) triple
points are:

The reaction occurring at the cathode (oxygen elec-
trode) triple points is:

The overall system reactions in the cell are:

The consumption of the fuel/oxidant ions produces elec-
trical power where the electromotive force is defined by
the Nernst equation:

[0005] Since the SOFC fuel stacks typically operate
in such a relatively high temperature range, reactant
gases are pre-heated, typically by heat exchangers, to
prevent the gases from cooling the stack below the op-
timum operating temperature. The heat exchangers,
whether discrete or part of the total SOFC furnace, can
be quite bulky, complex and expensive. In a traditional
heat exchanger design, hot exhaust gas from the elec-
trolyte plate is fed to the heat exchanger, and preheated
reactant gas is received from the heat exchanger via
costly insulated alloy piping. The heat exchanger and
piping also require considerable installation and main-
tenance expense. High temperature piping and heat ex-
changers are costly from the standpoint of heat loss as
well. The piping and heat exchanger have considerable
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surface area where heat may be exchanged with the at-
mosphere. This heat is thus unavailable to preheat in-
coming gases.
[0006] It is known to run planar SOFCs having limited
numbers of cells in the stack in furnaces. The furnace
supplies the heat necessary to bring the SOFC to oper-
ating temperature. With a limited number of cells, the
surface area of the SOFC stack is large enough to dis-
sipate the energy resulting from the exothermic reaction
producing the electric power. In a one or two cell stack,
the energy dissipation is such that the stack will require
heat input to mitigate losses to the surrounding environ-
ment. As the number of cells increases, the effective
power density per unit volume increases. The upper limit
in SOFC stack size is reached at the point where the
stack surface area combined with the maximum accept-
able temperature delta at the stack surface is no longer
capable of removing the resulting exothermic reaction
energy. Acceptable temperature change is limited by the
amount of thermally induced stress that the SOFC stack
is capable of withstanding. Problematically, this limit is
reached well before the power density required for low
cost, high volume stack applications is achieved.
[0007] One approach to solving this problem is to use
the SOFC cathode air to cool or heat the SOFC stack
as required by the operating mode. This approach car-
ries with it the fundamental liability of developing ther-
mally induced stress inside the SOFC stack unless the
air temperature has a limited temperature delta from the
operating point of the stack. However, such a limit re-
stricts efficiency by requiring a high volume of air to re-
move the thermal energy. In fact, one of the largest par-
asitic loads in a SOFC system is the blower used to sup-
ply the cathode air.
[0008] What is needed in the art is an improved SOFC
thermal management system. What is further needed in
the art is a compact, efficient SOFC thermal manage-
ment system suitable for transportation applications.

SUMMARY OF THE INVENTION

[0009] The present thermal energy management sys-
tem and method for controlling the thermal energy flow
into and out of a SOFC comprises a monolithic ceramic
heat exchanger coupled to a SOFC stack. The heat ex-
changer controls the energy flow into and out of the
SOFC stack and manages the thermal energy produced
as a byproduct of the operation of the SOFC stack. The
system further provides management of the tempera-
ture distribution around the SOFC to meet outer skin
temperature design targets and to control the inlet gas
temperatures for the SOFC.
[0010] The heat exchanger comprises a small-cell co-
extrusion monolithic type heat exchanger similar to a
catalytic converter core. The heat exchanger includes
an air inlet side, an air outlet side, and a plurality of cells
for passing a flow of air therethrough; the heat exchang-
er being coupled to a SOFC stack. In operation, a flow

of inlet air having a selected temperature is passed
through the heat exchanger cells and thermal energy
flowing into and out of the SOFC stack is managed pri-
marily by radiation coupling between the SOFC stack
and the heat exchanger.
[0011] The material used to prepare the present heat
exchanger may be selected in accordance with the sys-
tem requirements, with suitable materials including, but
not being limited to, ceramics, zirconium phosphate, sil-
icon nitride, aluminum nitride, molybdenum disilicide,
zirconia toughened aluminum oxide, aluminum phos-
phate, zirconium oxide, titanium carbide, aluminum ox-
ide, zirconium carbide, zirconium disilicide, alumino-sil-
icates, cordierite and silicon carbide.
[0012] The present heat exchanger is operational
over the entire range of temperatures generated by the
SOFC (i.e., temperatures up to about 1000 °C). By using
a ceramic structure as an "air-to-air" heat exchanger,
several advantages are provided simultaneously. First,
the present invention advantageously provides a cool
skin temperature using minimum space. The present in-
vention reduces the temperature from about 1000 °C to
about 100 °C in an area of about 6 to about 10 millime-
ters.
[0013] Second, the present system advantageously
controls the amount of heat energy removed from the
cells based on the electrical power demand. This allows
the cooling airflow to be modulated at low temperature
using low cost hardware and further used to control the
high temperature heat flow from the SOFC.
[0014] Third, the present heat exchanger functions as
a pre-heater for the input fuel and oxidizer gases feeding
the SOFC stack. Thus, the present system advanta-
geously controls the temperature of the input fuel and
oxidizer gases prior to their introduction into the SOFC.
[0015] These and other features and advantages of
the invention will be more fully understood from the fol-
lowing description of certain specific embodiments of
the invention taken together with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWING

[0016] Referring now to the drawing, which is meant
to be exemplary, not limiting:

FIG. 1 provides a pictorial representation of a ther-
mal energy management system in accordance
with one possible embodiment of the present inven-
tion.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[0017] FIG. 1 provides a view of a thermal energy
management system 10 in accordance with one possi-
ble embodiment of the present invention. The system
10 provides a monolithic ceramic heat exchanger 12
coupled to a SOFC stack 14 (a portion of an SOFC stack
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is represented by numeral 14 in FIG. 1) to manage the
thermal energy produced as a byproduct of the opera-
tion of the SOFC system. A flow of gas, such as air, hav-
ing a selected temperature is introduced at the inlet side
16 of the heat exchanger 12 to flow through the heat
exchanger cells 18 and exit the heat exchanger 12 at
the outlet end 20. In this way, the heat exchanger 12
directly heats and cools the SOFC stack 14. Preferably,
the heat exchanger 12 is further employed to preheat or
cool one or both the cathode and anode gas streams
feeding the SOFC stack 14 (connections not shown in
the FIGURE) during start/stop cycles and steady state
operation.
[0018] In a most preferred embodiment, cordierite, a
material currently favored as a catalytic converter sub-
strate material, is used for construction of the heat ex-
changer 12 and serves to render production of the
present system simple and cost effective. The material
properties of cordierite make it an excellent choice for
this application because the low thermal conductivity
helps keep the outer ambient wall cool, and the low ther-
mal expansion coefficient with uniform temperature gra-
dients keeps stresses at acceptable levels. However,
the construction of the present heat exchanger is not
limited to cordierite. Other materials possessing low
thermal conductivity and low thermal expansion charac-
teristics may be employed. These materials include, but
are not limited to, ceramics, zirconium phosphate, sili-
con nitride, aluminum nitride, molybdenum disilicide, zir-
conia toughened aluminum oxide, aluminum phos-
phate, zirconium oxide, titanium carbide, aluminum ox-
ide, zirconium carbide, zirconium disilicide, alumino-sil-
icates, and silicon carbide.
[0019] The dominant mode of heat transfer is by radi-
ation coupling between the SOFC stack 14 wall and the
heat exchanger wall adjacent the stack 14, with radia-
tion coupling being proportional to the SOFC wall tem-
perature. Preferably, cooler ambient air enters the heat
exchanger 12 through air inlet side 16 and travels
through the cells 18 to outlet side 20 in the direction in-
dicated by arrow 22. During normal system operation,
the inlet air temperature can be as low as about 20 °C.
Use of ambient air having a temperature of about 20 °C
enables maximum temperature differential with mini-
mum required flows. It is undesirable to preheat the in-
coming air as doing so lowers the heat transfer capabil-
ity of the heat exchanger 12.
[0020] In addition, the present heat exchanger 12 may
be employed to heat the SOFC stack 14 at start-up using
an inlet air temperature sufficient to heat the SOFC
stack 14 at startup. For example, heat exchanger 12 in-
let air may comprise hot air from another source such
as a wall flow catalytic combustor. If desired, a second
pass may be added to ensure sufficient heat transfer to
the gas. About half of the heat exchanger cells are ac-
tively involved in the heat transfer, with the remaining
portion of the heat exchanger serving to keep the outer
ambient wall cool.

[0021] Upon reaching SOFC operating temperature,
ambient air is preferably used to remove heat from the
SOFC stack 14 (with airflow in the direction indicated by
the arrow 22). Only the first few inner cells 24 are hot
while the remaining cells are progressively cooler in the
direction of the outer cells 26. The present heat ex-
changer 12 provides self-regulation of the flow with less
flow in the hotter inner cells 24 and progressively greater
flow in the cooler outer cells 26. For any given system
pressure and SOFC wall temperature, the outer ambient
heat exchanger wall 28 remains cool relative to the
SOFC stack and sufficient heat transfer is maintained.
[0022] In a preferred embodiment, coupling is further
controlled using a contacting material 30 disposed be-
tween the SOFC stack 14 and the heat exchanger 12.
Any highly conductive material having properties that al-
low for expansion can be used to enhance thermal cou-
pling, such as a thin metal wall or tightly packed metal
media. A high emissivity material may also be employed
for this purpose. For example, particles may be em-
ployed for this purpose, including, but not limited to, par-
ticles of silicon, silicon/boron/carbon oxide (SiwBxCyOz),
aluminum nitride, aluminum borate, silicon nitride, boron
carbide/aluminum-silicon, silicon carbide, aluminum/sil-
icon alloy, iron/silicon alloy, boron carbide cermet with
aluminum oxide, and nickel/aluminum alloy.
[0023] In an alternate embodiment, an air gap is pro-
vided between the SOFC stack 14 and the heat ex-
changer 12 to control thermal coupling between the ad-
jacent SOFC and heat exchanger walls. Thermal cou-
pling is further controlled by adjusting the gap distance
provided between the SOFC stack 14 and the heat ex-
changer 12. In another embodiment, thermal coupling
is controlled using a combination of elements including
a material for enhancing thermal coupling and an air
gap, with each element being selected and adjusted in
accordance with the particular system requirements.
[0024] Once the system is warmed up, no flow situa-
tions should be avoided to prevent the outer ambient
wall 28 of the heat exchanger 12 from reaching unde-
sirable temperatures. However, insulating the outer am-
bient wall 28 is not required, as most of the heat transfer
is to the gas flow. It is preferable that airflow continues
for a period after system shut down until the latent heat
from the system has been removed. Typically, one to
two passes through the heat exchanger 12 will suffice
to achieve steady state temperature for the flowing gas.
[0025] The pressure drop for the heat exchanger 12
will be between about 2 Kpa and about 20 Kpa, depend-
ant upon coupling and SOFC wall temperature. In an
alternate embodiment, individual cell pressure control
may be employed to produce equal mass flow rates per
heat exchanger cell.
[0026] The present thermal energy management sys-
tem comprising a ceramic based heat exchanger pro-
vides a SOFC system capable of tolerating greater
amounts of thermally induced stress than previously
available planar SOFC systems. Advantageously, the
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present thermal energy management system locates
thermally induced cooling and heating stresses within
the heat exchanger rather than the SOFC stack. This
enables the use of a greater temperature delta between
the air and SOFC structure being cooled, thereby low-
ering the volume of air required to remove a given
amount of energy. The present thermal energy manage-
ment system thus provides the further advantage of sig-
nificantly reducing parasitic losses in a SOFC system.
[0027] While the invention has been described by ref-
erence to certain preferred embodiments, it should be
understood that numerous changes could be made
within the spirit and scope of the inventive concepts de-
scribed. Accordingly, it is intended that the invention not
be limited to the disclosed embodiments, but that it have
the full scope permitted by the language of the following
claims.

Claims

1. A thermal energy management system 10 for solid
oxide fuel cells comprising:

a monolithic type heat exchanger 12 compris-
ing an air inlet side 16, an air outlet side 20, and
a plurality of cells 18 for passing a flow of air
therethrough;
said heat exchanger 12 being coupled to an
SOFC stack 14;

wherein in operation, a flow of inlet air having
a selected temperature is passed through said heat
exchanger cells 18 and thermal energy flowing into
and out of said SOFC stack 14 is managed primarily
by radiation coupling between said SOFC stack 14
and said heat exchanger 12.

2. The thermal energy management system 10 of
claim 1, wherein said heat exchanger 12 comprises
ceramics, zirconium phosphate, silicon nitride, alu-
minum nitride, molybdenum disilicide, zirconia
toughened aluminum oxide, aluminum phosphate,
zirconium oxide, titanium carbide, aluminum oxide,
zirconium carbide, zirconium disilicide, alumino-sil-
icates, cordierite or silicon carbide.

3. The thermal energy management system 10 of
claim 1, wherein said heat exchanger 12 preheats
or cools one or a combination of input fuel stream
and oxidizing gas stream feeding said SOFC stack
14.

4. The thermal energy management system 10 of
claim 1, further comprising:

an air gap provided between said SOFC stack
14 and said heat exchanger 12 and configured

to control thermal coupling between said SOFC
stack 14 and said heat exchanger 12.

5. The thermal energy management system 10 of
claim 1, further comprising:

a material 30 disposed between said SOFC
stack 14 and said heat exchanger 12 to control
thermal coupling between said SOFC stack 14
and said heat exchanger 12.

6. The thermal energy management system 10 of
claim 1, further comprising:

a material 30 disposed between said SOFC
stack 14 and said heat exchanger 12 to control
thermal coupling between said SOFC stack 14
and said heat exchanger 12; and
an air gap disposed between said SOFC stack
14 and said heat exchanger 12 and configured
to control thermal coupling between said SOFC
stack 14 and said heat exchanger 12.

7. The thermal energy management system 10 of
claim 5, wherein said material 30 is selected from
the group consisting of a high emissivity material, a
thin metal wall, tightly packed metal media, or par-
ticles selected from the group consisting of silicon,
silicon/boron/carbon oxide (SiwBxCyOz), aluminum
nitride, aluminum borate, silicon nitride, boron car-
bide/aluminum-silicon, silicon carbide, aluminum/
silicon alloy, iron/silicon alloy, boron carbide cermet
with aluminum oxide, nickel/aluminum alloy, or a
combination thereof.

8. The thermal energy management system 10 of
claim 1, wherein said inlet air temperature can be
as low as about 20 °C during normal system oper-
ation.

9. The thermal energy management system 10 of
claim 1, wherein said inlet air has a temperature suf-
ficient to heat said SOFC stack 14 at start-up.

10. A method for managing the thermal energy flowing
into and out of an SOFC system comprising:

coupling a monolithic type heat exchanger 12
to an SOFC stack 14, said heat exchanger 12
comprising an air inlet side 16 for introducing a
flow of air, a plurality of cells 18 for passing a
flow of air therethrough, and an air outlet side
20 for discharging said flow of air; and
passing said air having a selected temperature
through said heat exchanger cells 18 so as to
manage thermal energy flowing into and out of
said SOFC stack 14 primarily by radiation cou-
pling between said SOFC stack 14 and said
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heat exchanger 12.

11. The method of claim 10, wherein said monolithic
heat exchanger 12 comprises ceramics, zirconium
phosphate, silicon nitride, aluminum nitride, molyb-
denum disilicide, zirconia toughened aluminum ox-
ide, aluminum phosphate, zirconium oxide, titanium
carbide, aluminum oxide, zirconium carbide, zirco-
nium disilicide, alumino-silicates, cordierite or sili-
con carbide.

12. The method of claim 10, further comprising:

preheating or cooling one or a combination of
input fuel stream and oxidizing gas stream
feeding said SOFC stack 14 with said heat ex-
changer 12.

13. The method of claim 10, further comprising:

providing an air gap between said SOFC stack
14 and said heat exchanger 12 and configuring
said air gap to control thermal coupling be-
tween said SOFC stack 14 and said heat ex-
changer 12.

14. The method of claim 10, further comprising:

disposing a material 30 between said SOFC
stack 14 and said heat exchanger 12 and con-
figuring said material 30 to control thermal cou-
pling between said SOFC stack 14 and said
heat exchanger 12.

15. The method of claim 10, further comprising:

providing an air gap between said SOFC stack
14 and said heat exchanger 12 and configuring
said air gap to control thermal coupling be-
tween said SOFC stack 14 and said heat ex-
changer 12; and
disposing a material 30 between said SOFC
stack 14 and said heat exchanger 12 and con-
figuring said material 30 to control thermal cou-
pling between said SOFC stack 14 and said
heat exchanger 12.

16. The method of claim 14, wherein said material 30
is selected from the group consisting of a high emis-
sivity material, a thin metal wall, tightly packed met-
al media, or particles selected from the group con-
sisting of silicon, silicon/boron/carbon oxide (SiwBx-
CyOz), aluminum nitride, aluminum borate, silicon
nitride, boron carbide/aluminum-silicon, silicon car-
bide, aluminum/silicon alloy, iron/silicon alloy, boron
carbide cermet with aluminum oxide, nickel/alumi-
num alloy, or a combination thereof.

17. The method of claim 10, wherein said inlet air tem-
perature can be as low as about 20 °C during nor-
mal system operation.

18. The method of claim 10, wherein air introduced at
said air inlet has a temperature sufficient to heat
said SOFC stack 14 at start-up.
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